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Toxocarosis  is  of  major  canine  health  and  socioeconomic  importance  worldwide.  Although
many studies  have  given  insights  into  toxocarosis,  to  date, there  has  been  limited  explo-
ration  of  the  molecular  biology,  biochemistry,  genetics,  epidemiology  and  ecology  of
Toxocara species  as  well  as  parasite–host  interactions  using  ‘-omic’  technologies.  The
present  article  gives  a background  on  Toxocara  species  and  toxocarosis,  describes  molecu-
lar tools  for  speciﬁc  identiﬁcation  and genetic  analysis,  and  provides  a prospective  view  ofoxocarosis
oxocara canis
oxocara cati
scaridoids
olecular biology
arasite–host interactions
the beneﬁts  that  advanced  molecular  technologies  will  have  towards  better  understanding
the parasites  and  disease.  Tackling  key  biological  questions  employing  a ‘systems  biology’
approach  should  lead to new  and improved  strategies  for the  treatment,  diagnosis  and
control of  toxocarosis.
© 2013 Published by Elsevier B.V. Open access under CC BY license.
isease
. Introduction
Many parasitic diseases have a major adverse impact
n small animal and human health globally. A particularly
mportant example is toxocarosis, caused by the ascaridoid
ematode Toxocara canis (see Holland and Smith, 2006).
espite advances in technologies, there are still major
aps in our knowledge of numerous areas, including the
undamental molecular biology, molecular epidemiology,
cology and population genetics of this parasite, the disease
t  causes and also of possible drug resistance develop-
ent. Furthermore, there are some limitations in diagnosis
nd  intervention, which represent critical obstacles to the
ffective  control of toxocarosis (Holland and Smith, 2006).
lthough sustained research and funding have contributed
igniﬁcantly to an improved understanding of some para-
itic  diseases of humans, this is often not the case for those
f  veterinary importance, which are, in many respects,
eglected in terms of research and development.
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Open access under CC BY license.The revolution in molecular and computer technolo-
gies provides substantial opportunities for exploring key
pathogens, providing insights into their epidemiology,
ecology, evolution and disease processes. However, the
relatively high cost and nature of molecular biological
research have sometimes impeded progress, particularly
in  the ﬁeld of veterinary science. Major and rapid develop-
ments in a variety of genomic technologies (Mardis, 2008)
provide  unprecedented prospects for investigating para-
sitic  diseases, including toxocarosis, at a rate and on a scale
unimaginable just a year ago, providing enormous oppor-
tunities to tackle critically important research areas for
the  ﬁrst time. In this regard, the present article reviews
salient aspects of Toxocara species, particularly T. canis, and
its  animal and human health importance, and also takes
a  prospective view of the impact that -omic technologies
will have on our knowledge and understanding of Toxo-
cara  species/toxocarosis on the molecular, biochemical and
immunobiological levels. Also described are the principles
of  advanced genomic and transcriptomic sequencing as
well  as bioinformatic technologies and the exciting impli-
cations  of these technologies in both fundamental and
applied areas.
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2. Animal and public health signiﬁcance of
Toxocara species, taxonomic and diagnostic
considerations
Parasitic nematodes of the superfamily Ascaridoidea
infect all major groups of vertebrates (Hartwich, 1974;
Sprent, 1983; Fagerholm, 1991; Sprent, 1992), and some
genera and species are of major socio-economic signiﬁ-
cance. A particularly important genus is Toxocara, because
some  species can cause signiﬁcant clinical disease and are
transmissible from animals to humans (i.e., are zoonotic)
(e.g., Magnaval et al., 2001; Pawlowski, 2001; Despommier,
2003; Fisher, 2003; Torgerson and Macpherson, 2011).
For  instance, larvae of Toxocara canis (Werner, 1782) are
capable  of invading human tissues and causing visceral
larva migrans (VLM), ocular larva migrans (OLM), neuro-
toxocarosis (including eosinophilic meningoencephalitis)
and/or covert toxocarosis (CT) (e.g., Beaver, 1969; Cypess,
1982;  Taylor, 1993; Vidal et al., 2003). Larvae of Toxocara
cati, Toxocara vitulorum and Toxascaris leonina can invade
the  tissues of laboratory animals, but there has been some
uncertainty as to what extent they are implicated in human
disease  (Miyazaki, 1991; Smith, 1993; Thompson, 1994;
Holland and Smith, 2006). Nonetheless, there is also evi-
dence  that T. cati represents an underestimated zoonotic
agent (Fisher, 2003). Larvae of a number of ascaridoids can
invade  human tissues and cause disease, and can be difﬁ-
cult  or impossible to differentiate from species of Toxocara
using  morphological criteria, particularly given their small
size.
Clearly,  the accurate identiﬁcation of Toxocara species
and differentiation from other ascaridoids have important
implications for investigating their life-cycles, epidemiol-
ogy  and population biology, and for the speciﬁc diagnosis
of  toxocarosis. Traditionally, ascaridoids have been iden-
tiﬁed  based on the morphological features of different
life-cycle stages and their predilection site in the host/s
(Bowman, 1999). Sprent (1983) evaluated the taxonomic
relevance of features, such as the labial structures, oesoph-
agus,  caecum, excretory system and male tail. Various
other authors described features for speciﬁc identiﬁcation
(Nichols, 1956; Olson et al., 1983; Bowman, 1987; Averbeck
et  al., 1995). For instance, Nichols (1956) described the
diagnostic characters of T. canis and T. cati larvae, and
Averbeck et al. (1995) described criteria for the differenti-
ation of T. canis from Ts. leonina and Baylisascaris procyonis
based on the morphology of the adult and egg stages.
Nonetheless, despite existing keys and descriptions, there
can  be signiﬁcant challenges in the identiﬁcation and dif-
ferentiation of some ascaridoids to species.
In addition to traditional karyotyping approaches (e.g.,
Kurimoto, 1974; Mutafova, 1983; He et al., 1986), mul-
tilocus enzyme electrophoresis (MEE) had been applied
widely to the speciﬁc identiﬁcation of ascaridoids and for
studying  their systematics and genetics (Nascetti et al.,
1979;  Paggi et al., 1985; Orecchia et al., 1986; Nadler, 1987,
1990;  Andrews and Chilton, 1999). For instance, using MEE,
genetically distinct but morphologically similar (‘cryptic’ or
‘hidden’)  species were detected within Parascaris equorum,
Anisakis simplex, Contracaecum osculatum and Pseudoterra-
nova decipiens (see Biocca et al., 1978; Bullini et al., 1978;ogy 193 (2013) 353– 364
Paggi  et al., 1985, 1991; Nascetti et al., 1986, 1993; Orecchia
et  al., 1986, 1994; Mattiucci et al., 1997; Mattiucci and
Nascetti, 2008). Although useful, MEE  requires the use of
relatively  large amounts of fresh parasite extract and can-
not  be used for the analysis of tiny, individual larvae, such
as  those of Toxocara species in/from host tissues.
3. Molecular identiﬁcation and analysis of genetic
variation
Polymerase chain reaction (PCR) (Saiki et al., 1988)
techniques are broadly used for diagnostic and analyt-
ical applications, because of their ability to speciﬁcally
amplify DNA from minute (pg to fg) amounts of parasite
material (e.g., single nematode eggs and tiny sections of
larvae  or adult stages) (Gasser, 1999, 2006; Gasser et al.,
2006).  Central to the PCR-based identiﬁcation of ascari-
doids to species is the selection of a suitable DNA target
region (genetic marker). As different genes evolve at differ-
ent  rates, the DNA region chosen should display sufﬁcient
sequence variation to allow the identiﬁcation of parasites
at  the taxonomic level required. For speciﬁc identiﬁcation,
the target DNA should differ enough in sequence among
species, with no or minor variation within a species. In
contrast, for the purpose of identifying genetic or popu-
lation variants (“strains”), a signiﬁcant degree of sequence
variation should exist within a species. Nuclear ribosomal
DNA (rDNA) and/or mitochondrial DNA (mtDNA) have
often  been used to achieve the identiﬁcation of parasites
to  species or genotypes (reviewed by Gasser, 1999, 2006;
Gasser  et al., 2008).
3.1.  Identiﬁcation using rDNA markers
The ﬁrst and second internal transcribed spacers (ITS-
1  and ITS-2, respectively) of nuclear rDNA sequences have
been  demonstrated to provide reliable genetic markers for
the  identiﬁcation and differentiation of species of Toxocara
and  related nematodes (e.g., Jacobs et al., 1997; Zhu et al.,
1998a,b,  1999, 2000a,b, 2001a,b, 2002; Li et al., 2006). For
instance,  Jacobs et al. (1997) ﬁrst demonstrated that adults
of  T. canis, T. cati and Ts. leonina could be distinguished
by their different ITS-2 sequences. The sequence differ-
ences (∼26–50%) between these species were substantially
greater than the variation (0–0.6%) within each species,
showing that ITS-2 provides speciﬁc genetic markers. These
authors  established two  PCR assays for the differentiation
of T. canis and T. cati from one another and from other
ascaridoids which can occur in human tissues. The speci-
ﬁcity  of the PCR-based RFLP and the direct PCR (employing
speciﬁc forward primers, in combination with a conserved,
reverse primer) was  assessed using DNA from Ascaris of
human  or pig origin, B. procyonis and T. vitulorum, which are
potentially  zoonotic (Kazacos and Boyce, 1989; Miyazaki,
1991; Thompson, 1994). PCR-based RFLP analysis of ITS-
2  (using restriction endonuclease Hinf I or Rsa I) could be
used  to differentiate among three canid and feline ascari-
doids. Digestion with Hinf I differentiated T. canis, T. cati and
T.  vitulorum from other ascaridoids that might be found in
the  tissues of human or paratenic hosts, with the ITS-2 of
the  three Toxocara species remaining undigested with this
arasitolo
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nzyme. Using endonuclease Rsa I, T. canis and T. cati could
e  differentiated based on their banding proﬁle. As host
NA  was not ampliﬁed by PCR, diagnostic PCR can be per-
ormed  on homogenized tissue, thereby circumventing the
eed  to use serial histological sectioning for the detection
f  larvae. Such an approach could be used, for example, in
he  T. canis – mouse model system (Akao, 2004).
To enable the accurate analysis of sequence varia-
ion in the ITS-2 amplicons within and among individual
scaridoids, Zhu and Gasser (1998) evaluated a muta-
ion scanning approach, called single-strand conformation
olymorphism (SSCP) analysis. The principle of SSCP is
hat  the electrophoretic mobility of a single-stranded DNA
olecule  in a non-denaturing gel is highly dependent on
ts  structure and size (Orita et al., 1989; Hayashi, 1991)
nd  allows a high-resolution analysis of genetic variation
ithin and among individual nematodes (Gasser, 1997;
asser and Chilton, 2001; Gasser et al., 2002, 2006). The
SCP  analysis of ITS-2 amplicons allowed T. canis, T. cati and
.  vitulorum as well as Ts. leonina, Ascaris suum, B. procyo-
is  and P. equorum to be identiﬁed and differentiated based
n  single-strand proﬁles (Zhu and Gasser, 1998). Although
o  variation in the proﬁles was detected between individ-
al  nematodes within some species, four distinct sequence
ariants of ITS-2 could be displayed among T. cati individ-
als  from Australia, thus revealing genetic variation within
his  species (Zhu and Gasser, 1998). This ﬁnding was sup-
orted  by the detection by sequencing of a single point
utation in ITS-2 (amplicon size: ∼530 bp) between T. cati
amples  from Malaysia and Australia (Zhu et al., 1998a).
ased on these and other results (reviewed by Gasser et al.,
006),  SSCP analysis of ITS-2 amplicons provides a power-
ul  tool for diagnostic, taxonomic and population genetic
pplications.
.2.  Evidence of cryptic species – an example for
oxocara species
An  early study from Malaysia (Rohde, 1962) described
he occurrence of a parasite of cats, which was similar to T.
anis  based on the presence of an oesophageal ventriculus
nd spear-shaped cervical alae in the adult. This nematode
iffered from T. cati which has arrow-shaped cervical alae,
nd  from T. leonina which lacks a ventriculus (Sprent, 1956,
958,  1959; Sprent and Barrett, 1964). As T. canis has been
ound  only rarely in cats (e.g., Calero et al., 1951; Hitchcock,
953; Ash, 1962; Sprent and Barrett, 1964; Parsons, 1987;
aker  et al., 1989), the question arose as to the speciﬁc
dentity of this parasite from Malaysian cats.
Zhu et al. (1998a) conducted a molecular study to
haracterize specimens of this parasite, designated Toxo-
ara  sp. cf. canis, and showed that it differed signiﬁcantly
∼11–24%) in the internal transcribed spacer (ITS-1 and
TS-2) sequences from both T. canis and T. cati. The mag-
itude of difference between T. canis and T. cati in both
TS-1 (9.4–11.3%) and ITS-2 (26.1%) was much greater than
he  variation detected within each species (0–2.9% for ITS- and 0–0.3% for ITS-2, respectively). The difference in the
TS-2  sequence between Toxocara sp. cf. canis and T. canis
∼24%)  was similar to that between T. canis and T. cati
∼26%), and these differences were substantially greatergy 193 (2013) 353– 364 355
than  the geographical variation detected in the ITS-2 within
T.  cati (0.3%) and T. canis (0%). Thus, based on the molecular
evidence presented, Toxocara sp. cf. canis from Malaysian
cats was considered to represent a distinct species from
T.  canis and T. cati, and it was  genetically more similar to
T.  cati than to T. canis. Based on the sequence difference,
SSCP analysis could be employed effectively for the genetic
differentiation of Toxocara sp. cf. canis from both T. canis
and  T. cati. These molecular ﬁndings stimulated a subse-
quent morphological study of ascaridoids from Malaysia
(Gibbons et al., 2001), which included specimens from cats
used  in the previous molecular study (Zhu et al., 1998a).
Three features (for lips, alae and spicules) were identiﬁed
that consistently differentiated Toxocara sp. cf. canis from
T.  canis, T. cati and other congeners, including T. tanuki
(from canids), T. apodemi and T. mackerrasae (from rodents),
T.  paradoxura and T. sprenti (from viverrids), T. vajrasthi-
rae (from mustelids) and T. pteropodis (from bats). Thus,
the  ﬁndings from the molecular and classical systematic
studies supported the conclusion that Toxocara sp. cf. canis
represented a distinct species. The parasite was described
and named T. malaysiensis (Gibbons et al., 2001). Since
these studies (Zhu et al., 1998a; Gibbons et al., 2001), T.
malaysiensis has been found in cats in China (Li et al., 2006,
2008a,b).
Like  T. canis and T. cati, T. malaysiensis might be zoonotic.
Since T. canis can cause OLM and/or VLM, it is suspected
that other members of the genus, such as T. cati and T. vit-
ulorum,  might be involved in human disease, although it
remains  uncertain to what extent (Miyazaki, 1991; Smith,
1993;  Fisher, 2003). A study in Kuala Lumpur (Lee et al.,
1993)  revealed 11% of cats to be infected with T. malaysien-
sis. Therefore, there is an opportunity for this parasite to
infect  humans; this aspect warrants investigation. In addi-
tion,  studies of the infectivity of mice and pigs with T.
malaysiensis eggs and epidemiological surveys using the
molecular tools established (in particular SSCP analysis of
ITS-2,  combined with DNA sequencing) would be impor-
tant.  The detection of a cryptic species of Toxocara in cats in
Malaysia  raises some doubt as to the speciﬁc identity of “T.
canis”  found in cats in other geographical regions, includ-
ing  South Africa, Panama, the USA and Czech Republic (cf.
Calero  et al., 1951; Hitchcock, 1953; Ash, 1962; Sprent and
Barrett,  1964; Parsons, 1987; Baker et al., 1989; Scholz et al.,
2003),  which provides a stimulus to genetically compare
a  range of Toxocara species from different hosts and geo-
graphical origins of the world. In addition, a recent study in
Switzerland raises questions regarding the epidemiological
signiﬁcance of detecting T. cati eggs in dog faeces (Fahrion
et  al., 2011). Also this aspect warrants future investigation.
3.3. Use of mitochondrial gene markers for population
genetic and evolutionary studies
In addition to rDNA markers, there is major poten-
tial for the use of mtDNA markers for investigating the
taxonomy and population genetics of Toxocara species,
given that cryptic species (such as T. malaysiensis) have
been  detected within the Ascaridoidea (e.g., Biocca et al.,
1978;  Bullini et al., 1978; Paggi et al., 1985, 1991; Nascetti
et  al., 1986, 1993; Orecchia et al., 1986, 1994; Mattiucci
arasitol356 R.B. Gasser / Veterinary P
et al., 1997; Zhu et al., 1998a,b, 1999, 2000a,b, 2001a).
Mitochondrial DNA is thought to be inherited maternally
in nematodes and is more variable in sequence within a
species  than nuclear internal transcribed spacer sequences
(Gasser, 2006), because it evolves (mutates) at a higher rate
(Brown,  1985).
Various  mitochondrial DNA regions have been
employed for studying the population genetics of parasitic
nematodes (e.g., Anderson et al., 1993, 1998; Blouin
et al., 1995, 1997; Viney, 1998; Blouin, 2002; Hu et al.,
2004,  2007; Hu and Gasser, 2006). However, there is still
limited  information on the mt  genomes of many socioe-
conomically important parasitic nematodes, although
signiﬁcant advances have been made, particularly in the
last  years, through the use of improved, long-range PCR,
sequencing and bioinformatic methods (reviewed by Jex
et  al., 2010a,b). Using these methods, a number of studies
characterized the mitochondrial genomes of T. canis, T cati
and  T. malayensis (see Jex et al., 2008; Li et al., 2008b). These
genomes provide a rich source of markers for population
genetic, ecological and epidemiological investigations.
To enable such studies, conserved primers, ﬂanking
suitably variable gene regions in the mt  genome/s, can
be  identiﬁed (e.g., using sliding window analysis; see
Zarowiecki et al., 2007) and then used in PCR-based SSCP
analysis. This approach can be applied to screen large
numbers of individuals representing different populations
and, based on the ‘pre-screen’, samples representing the
entire  spectrum of haplotypic variability can be deﬁned by
subsequent  sequencing and analyses (cf. Li et al., 2008a).
Numerous studies (reviewed by Hu and Gasser, 2006; Jex
et  al., 2010b) reinforce the utility of mt  genome and gene
data  sets to address questions regarding the population
genetics and epidemiology of nematodes, including Tox-
ocara  species. This approach (combined with mutation
scanning and sequence analyses of selected mt  genes) is
readily  applicable to species of Toxocara, which is particu-
larly  important, given the detection of population variation
and  cryptic species within this genus (e.g., Zhu and Gasser,
1998;  Zhu et al., 1998a; Gibbons et al., 2001; Li et al., 2006,
2007,  2008a,b).
3.4.  Use of anonymous genetic markers for population
studies
In addition to the PCR-based analysis of particular
genetic loci from the mitochondrial or nuclear genome,
‘ﬁngerprinting’ methods (cf. Monis et al., 2002) can be
applied to estimate genetic diversity within a species,
to  detect population variants (‘strains’ or cryptic species)
and/or to establish the genetic structures of populations.
In the past, such methods included random ampliﬁca-
tion of polymorphic DNA (RAPD) (Welsh and McClelland,
1990; Williams et al., 1990), ampliﬁed fragment length
polymorphism (AFLP) (Vos et al., 1995) and microsatellite
analysis. Although used for the genetic characterization of
ascaridoids,  including Toxocara species (e.g., Nadler, 1996;
Siles  et al., 1997; Wu et al., 1997; Epe et al., 1999), RAPD
has  had major limitations, such as reduced reproducibil-
ity, artefacts and/or non-speciﬁc ampliﬁcation, due to the
low-stringency conditions usually employed in PCR andogy 193 (2013) 353– 364
the  random nature of the primers used (e.g., Ellsworth
et al., 1993; MacPherson et al., 1993), and is, thus, no
longer used. In contrast, AFLP is based on the selective,
high stringency ampliﬁcation of restriction fragments pro-
duced  from genomic DNA and the subsequent display
by  denaturing gel electrophoretic analysis. This ﬁnger-
printing approach permits the speciﬁc co-ampliﬁcation of
large  numbers (typically 50–150) of restriction fragments
from DNA of any origin or complexity. Although it has
found relevant uses to study various animal groups, includ-
ing  plant parasitic nematodes (e.g., Marche et al., 2001;
Esquibet et al., 2003; Srinivasan et al., 2003), there has
been  limited application to socio-economically important
parasitic nematodes of animals (e.g., Otsen et al., 2001;
Höglund et al., 2004; Roos et al., 2004). Nonetheless, the
method has been used to investigate the population genet-
ics  of Ascaris (Nejsum et al., 2005a,b, 2006), but has not
yet  been applied to members of the genus Toxocara. Also
the  analysis of satellite DNA (Tautz and Renz, 1984; Tautz,
1993)  has some potential for population genetic studies.
Minisatellites and microsatellites are both abundant and
ubiquitous in the genomes of eukaryotes, and represent
tandem repeats of short motifs which appear to be dis-
persed randomly throughout the genome. They are usually
non-transcribed and maintain polymorphism as a conse-
quence of the accumulation of mutations. The variation in
their  repeat number allows the alleles present at a locus
to  be scored by size on electrophoretic gels. The satellites
are characterized by allelic variability in repeat length and,
consequently, have been used to study the genetic struc-
ture  of populations as well as for genetic mapping and
linkage analysis (e.g., Tautz, 1989; Love et al., 1990; Bell
and  Ecker, 1994; Goldstein and Clark, 1995). There have
been  some applications to nematodes, including Ascaris
(e.g.,  Criscione et al., 2007a,b; Zhou et al., 2011a; Betson
et  al., 2011, 2012), but microsatellite analysis has not yet
been  applied to Toxocara species By utilizing ﬂuorescently
labelled primers designed to ﬂanking sequences, multi-
ple  microsatellites can be ampliﬁed simultaneously and
then  subjected to automated electrophoresis and computer
analyses (e.g., using Genescan and Genotyper software,
Applied Biosystems) (see Anderson et al., 1999; Nair et al.,
2003).  Such a platform provides prospects for large-scale
studies of Toxocara species, although caution is required in
the  interpretation of results from microsatellite analyses
of  nematodes (cf. Anderson et al., 2003). Looking ahead,
high throughput genomic and metagenomic sequencing
approaches show most promise for genetic studies in the
future.
4.  Background on genomic and bioinformatic
technologies
Genomics is the study of the entire complement of
genetic material (DNA or genome) in an individual (worm).
Transcriptomics is the molecular science of examining the
transcription of all genes at the level of the cell, tissue
and/or whole organism, allowing inferences regarding cel-
lular  functions and mechanisms. The ability to explore and
measure  the transcription of thousands of genes simulta-
neously has led to major advances in all biomedical ﬁelds,
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rom understanding the basic function in model organisms,
uch  as Caenorhabditis elegans (a free-living nematode)
nd Drosophila melanogaster (vinegar ﬂy) (see McQuilton
t  al., 2012; Yook et al., 2012), to investigating molecular
rocesses linked to growth, development and reproduc-
ion, to the study of the mechanisms of survival and drug
esistance. Until recently, transcriptomes have been char-
cterized qualitatively by sequencing expressed sequence
ags  (ESTs) using conventional technologies (Parkinson
t al., 2004; Maizels et al., 2006; Zhou et al., 2011b),
hereas levels of transcription have been assessed employ-
ng  real-time PCR (Wang et al., 1989) or cDNA microarrays
DeRisi et al., 1996). Recently, there has been massive
emand for practical (bioinformatic) computer tools for the
fﬁcient  annotation of nucleotide sequence datasets, par-
icularly  within the framework of large-scale EST projects
e.g.,  Nagaraj et al., 2007; Clifton and Mitreva, 2009;
antacessi et al., 2010, 2012).
.1. Account of single gene discovery in Toxocara species
To  date, the main focus of gene discovery has been
n T. canis, and the identiﬁcation and characterization of
ominant secreted and surface molecules of its arrested,
nfective larval stage. Such molecules are thought to play
ey  roles in immune evasion (reviewed by Maizels et al.,
000;  Schnieder et al., 2011). This focus has been taken
redominantly to understand (i) how and why infective
arvae are able to survive in mammalian tissues for many
ears  without growing, developing or reproducing and
ii)  how the parasite manages to evade or “neutralize”
he host immune response for so long. This work has
een possible because larvae can be maintained in vitro
n  serum-free medium, allowing the collection of T. canis
xcretory/secretory (TES) products for subsequent molecu-
ar  investigations. Using cloning and EST-based approaches
cf.  Maizels et al., 2000, 2006), the main genes identiﬁed
ncode major constituents of TES and, therefore, likely
nteractions between parasite and host include mucins, C-
ype  lectins, phosphatidylethanolamine-binding proteins
PEBP),  cathepsins, asparagyl endopeptidases (legumains),
uperoxide dismutases, SCP/TAPS (venom allergen homo-
ogues),  olfactomedin, aquaporin and prohibitin as well
s  a number of novel transcripts (designated ANTs and
OTs)  (e.g., Gems and Maizels, 1996; Loukas and Maizels,
998, 2000; Loukas et al., 1998, 1999a,b, 2000a,b; Tetteh
t  al., 1999; Falcone et al., 2000; Doedens et al., 2001).
hile these studies have provided invaluable insights into
elected  molecules, much remains to be explored on the
unctional and structural levels. Importantly, advanced
lycomic technology technologies (Robinson et al., 2012)
hould  provide detailed insights into the often heavily
lycosylated proteins in TES (cf. Maizels et al., 2006). More-
ver,  major technological advances, particularly in the last
ear  or so, provide major prospects for global investigations
f the transcriptome, proteome and metabolome using the
.  canis genome as a foundation. Although not all genes
ill  be able to be annotated, based on our current knowl-
dge of the A. suum genome (Jex et al., 2011), a systems
iology approach should allow many aspects of the devel-
pmental and reproductive biology, molecular biology andgy 193 (2013) 353– 364 357
biochemistry  of T. canis as well as parasite–host interac-
tions and the pathogenesis of toxocarosis to be investi-
gated, based on the presence of homologues/orthologues
and information in curated databases for other organisms,
including C. elegans and Drosophila melanogaster. Moving
from  a single-molecule to global molecular discovery in
T.  canis is an exciting prospect and could rapidly lead to
a  paradigm shift in our understanding of this enigmatic
parasite, and could lead to signiﬁcant advances in applied
areas, including the development of drugs, vaccines and
diagnostic tests.
4.2.  High throughput sequencing of transcriptomes and
genomes
Clearly, the massive explosion in genomic and trans-
criptomic sequencing technologies (Margulies et al., 2005;
Bentley  et al., 2008; Harris et al., 2008; Pandey et al.,
2008), now provides unique opportunities to explore, ab
initio,  entire nuclear genomes and transcriptomes of differ-
ent  species, strains and developmental stages of Toxocara
from  canine, accidental and/or paratenic hosts. The capac-
ity  of these techniques to generate millions to hundreds of
millions  of sequences, in parallel, has put them at the fore-
front  of molecular research (Morozova and Marra, 2008;
Mardis, 2008; Wang et al., 2009).
High throughput sequencing technologies include 454
(Roche)  (Margulies et al., 2005) and Illumina/HiSeq
(Bentley et al., 2008). For example, the 454 technology
platform employs a sequencing-by-synthesis approach,
by  which cDNA is randomly fragmented into 500–1000
base pair (bp) fragments. During the process of com-
plementary DNA (cDNA) library construction, an adaptor
is  ligated to each end of these fragments and then
mixed into a population of agarose beads whose sur-
faces anchor oligonucleotides complementary to the
454-speciﬁc adapter sequence, such that each bead is
linked  to a single fragment. Each of these complexes is
transferred into individual oil-water micelles containing
ampliﬁcation reagents and then subjected to an emul-
sion  polymerase chain reaction (PCR) step, during which
∼10  million copies are produced and bound to individ-
ual beads. In the sequencing step, the beads anchoring the
cDNAs  are deposited on a picotitre plate, together with
other  enzymes required for the pyrophosphate sequenc-
ing  reaction on a solid support system (Mardis, 2008).
The 454 technology (a ‘long-read’ platform) has been used
frequently for de novo genomic or transcriptomic stud-
ies.  However, increasingly, Illumina/HiSeq is being used
for  such investigations. This latter technology differs from
the  454 approach (Bentley et al., 2008), in that, after
fragmentation of cDNA, Illumina-speciﬁc adaptors are lig-
ated  to each cDNA template and then covalently attached
to  the surface of a glass slide, allowing individual tem-
plates (cDNAs) to form bridge-like structures. During the
ampliﬁcation step (bridge-PCR), clonal clusters of ∼1000
amplicons are generated and immobilized to a single phys-
ical  location on the slide. Then, the cDNAs are linearized,
and the sequencing reagents (including four ﬂuorescently-
labelled nucleotides) are added to the ﬂow cell. After the
individual ﬂuorescent bases have been incorporated, the
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ﬂow cell is interrogated with a laser beam in several loca-
tions,  allowing several image acquisitions at the end of
a  single synthesis cycle, and the sequences to be read
(Mardis, 2008). In recent years, numerous studies have
shown the utility of high throughput sequencing technolo-
gies  for investigating parasitic nematodes (e.g., Cantacessi
et  al., 2012). In particular, Illumina (RNA-seq) technology
has been used recently for the rapid de novo sequencing
of the transcriptomes of numerous helminths of veteri-
nary  and human health importance (e.g., Young et al., 2010,
2012;  Cantacessi et al., 2011; Jex et al., 2011), yielding sub-
stantial  datasets and providing a major step forward in the
understanding of their basic molecular biology, biochem-
istry  as well as their interactions with their host/s.
4.3. Analysis of massive sequence datasets using
computers
The development of practical and efﬁcient bioinfor-
matic tools has become crucial for detailed analyses of DNA,
RNA  and protein sequence data as well as making biological
sense  of large-scale datasets. Therefore, there has been rel-
atively  rapid progress in the construction of new programs
and/or integrated pipelines, some of which are accessible
via  the world-wide web (www).
Brieﬂy, following the acquisition of data, nucleotide
sequences are ﬁrstly screened for repeats, contaminants
and/or adaptor sequences and ‘clustered’ (assembled) into
contiguous sequences (of maximum length; called con-
tigs)  based on sequence similarity (Nagaraj et al., 2007;
Miller et al., 2010). Long-reads (produced by 454 tech-
nology) and short-reads (e.g., Illumina) are assembled
using the algorithms ‘overlap-layout-consensus’ (Myers,
1995)  and ‘de Bruijn graph’ (Idury and Waterman, 1995;
Zerbino and Birney, 2008), respectively. For the former
algorithm (Myers, 1995), pairwise overlaps among reads
are  computed and stored in a graph; the graphs are
used to compute a layout of reads and then consensus
sequences (contigs). For the de Bruijn graph (Idury and
Waterman, 1995; Zerbino and Birney, 2008), reads are frag-
mented  into short segments, called ‘k-mers’ (number of
nucleotides in each segment; overlaps among k-mers are
captured  and stored in graphs, which are then used to
produce contigs. Following assembly, the contigs and sin-
gle  reads (singletons) are compared, employing different
types of the Basic Local Alignment Software Tool (BLAST)
(Altschul et al., 1990), with known sequence data avail-
able  in public databases, to infer an identity for each query
sequence, if signiﬁcant matches are found. In addition,
assembled nucleotide sequences are usually conceptu-
ally translated into predicted proteins using algorithms
that identify protein-coding regions (open reading frames,
ORFs)  from individual contigs. Protein analyses, including
amino acid sequence comparisons with data available in
public  databases, are then conducted. Public databases, via
the  National Center for Biotechnology Information (NCBI),
represent comprehensive collections of amino acid and
nucleotide sequences; sequences are stored together with
relevant  information, including primary references, and
predicted and/or experimental data. In addition, there are
various  specialized collections of gene and protein data forogy 193 (2013) 353– 364
‘model  eukaryotes’, including C. elegans (WormBase; Yook
et  al., 2012) and D. melanogaster (FlyBase; McQuilton et al.,
2012).
The  data generated by high throughput sequencing
technologies are often gigabytes to terabytes in size, sub-
stantially increasing the demands placed on data transfer,
analysis and storage. For instance, to circumvent this lim-
itation  somewhat, we  recently constructed an integrated
bioinformatic workﬂow system for the efﬁcient analy-
sis  and annotation of large sequence datasets (Cantacessi
et al., 2010). This platform should prove effective and
time-efﬁcient for distilling biologically relevant molecular
information from large sequence datasets for parasites of
veterinary  importance, such as Toxocara species.
5. Prospects and challenges
Knowledge  of the genomes, transcriptomes and pro-
teomes of T. canis and its hosts will be central to gaining
an improved understanding of the molecular mechanisms
that govern essential biological as well as infection and
disease processes and, ultimately, will assist in the devel-
opment of new intervention strategies for toxocarosis.
Accurate analyses of nucleic acid and protein sequence
data, usually by comparison with reference organisms,
are crucial in providing biologically meaningful informa-
tion  on the organisms under study. Until recently, detailed
bioinformatic analyses of such data have been restricted
largely to specialized laboratories with substantial com-
puter  and software capacities. However, increasingly, this
situation  is changing, and practical and ﬂexible bioinfor-
matic workﬂow systems are now becoming available to
assist  parasitologists in their analyses of massive sequence
datasets.
This  change is illustrated by recent progress in the
sequencing of genomes of parasitic helminths (e.g., Jex
et  al., 2011; Young et al., 2012). Importantly, Jex et al. (2011)
used  exclusively Illumina-based technology to characterize
the  273 Mb  draft genome of A. suum from whole-genome
ampliﬁed genomic DNA from the reproductive tract of
a  single adult female. These authors generated 39 Gb of
useable  short-read sequence data (equating to ≥120-fold
coverage of the 273 Mb  genome) and then assembled
the short-reads, constructed scaffolds, in a step-by-step
manner, and then closed intra-scaffold gaps. Transposable
elements, non-coding RNAs and the protein-encoding gene
set  were inferred using a combined, predictive modelling
and homology-based approach. To make gene predictions
and explore key molecules associated with larval migra-
tion,  reproduction and development, Jex et al. (2011)
sequenced messenger RNA from infective L3s (from eggs),
migrating L3s from the liver or lungs of the host, and L4s
from  the small intestine, as well as muscle and reproduc-
tive tissues from adult male and female worms. All proteins
predicted from the gene set of A. suum were annotated
using databases for conserved protein domains, gene ontol-
ogy  annotations, and information for model organisms
(including Caenorhabditis elegans, Drosophila melanogaster
and Mus  musculus). Essentiality and drug target predic-
tions were also conducted using advanced bioinformatic
methods. The characterization of the ﬁrst genome of any
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scaridoid nematode using an advanced technology plat-
orm  (Jex et al., 2011) provides enormous scope for the
e  novo sequencing of transcriptomes and genomes from
inute  amounts of nucleic acids isolated from different
tages, genders and tissues of Toxocara species of socioeco-
omic importance.
The  assembly of sequence data is the ﬁrst, critical step
n  examining coding genes, prior to addressing biological
uestions regarding gene and protein functions. Functions
re  predicted by ‘sequence annotation’ (the process of
athering all available information and relating it to the
ssembled sequences by both experimental and/or compu-
ational  means). Accurate annotation is crucial and highly
ependent on the quality of the algorithms used and the
fﬁciency of the updates in current databases and data
uration. At present, public databases for bioinformatic
nnotation and analyses of sequence data are accessible
ia multiple portals, and there is considerable variation
n  the rate at which public databases are updated and
orrected. In addition, some information-management sys-
ems  incorporate data from large-scale projects, but often,
he  annotation of single records from the literature is slow.
resently, the annotation of sequence data for parasites and
osts  relies heavily on the use of bioinformatic approaches
nd already annotated/curated sequence data for a wide
ange  of organisms.
The  annotation of peptides inferred from a dataset
s conducted by assigning predicted biological func-
ion/s through comparisons with information in
ublic databases, including, for example, Inter-
ro (see www.ebi.ac.uk/interpro/), Gene Ontology
see  www.geneontology.org/), and OrthoMCL (see
ww.orthomcl.org/). Using this approach, together
ith knowledge of the genomes of C. elegans (WormBase)
nd A. suum (see Jex et al., 2011), inferences can be drawn
egarding the function and essentiality of key groups of
olecules involved in biological processes in Toxocara
pecies. Such groups include molecules linked to repro-
uction, development, signal transduction and/or disease
rocesses (e.g., protein kinases and phosphatases; pro-
eases  and protease inhibitors) as well as the physiology
f the nervous system and the formation of the cuticle
nematodes).
The bioinformatic prediction and prioritization of new
rug  targets involves ‘ﬁltering’ (McCarter, 2004) and can
nclude  the prediction targets based on key requirements
nd principles (e.g., Caffrey et al., 2009; Doyle et al., 2010;
eib  et al., 2009; Woods and Knauer, 2010). First, target
roteins should have one or more crucial (essential) roles
n  one or more biological processes in nematodes, such
hat  the disruption of the molecule or its gene will damage
nd/or kill the parasite and thus disrupt disease transmis-
ion or the disease itself, but not adversely affect the host
Gilleard et al., 2005; Seib et al., 2009; Woods and Knauer,
010). Currently, for parasitic nematodes, the prediction
nd prioritization of drug target candidates is assisted by
ene  function and essentiality data available for a range
f  eukaryotic organisms, including C. elegans (WormBase).
ince most effective drugs achieve their activity by com-
eting  with endogenous, small molecules for a binding site
n  a target protein, the amino acid sequences predictedgy 193 (2013) 353– 364 359
from essential genes should be screened for the presence
of  relatively conserved ligand-binding domains (Gaulton
et  al., 2012). Lists of inhibitors, known based on experi-
mental evidence, to speciﬁcally bind to such domains, can
be  compiled. However, predictions made require extensive
experimental validation. The challenge for Toxocara species
is  the time, cost and labour involved in producing different
stages of the parasite for molecular investigations. Further-
more,  the parasites cannot be produced in culture in vitro,
which  makes the in vitro testing of gene function (as is
routinely performed in C. elegans; see WormBook; worm-
book.org) challenging. Nevertheless, second-stage larvae
(L2)  of T. canis can be maintained in vitro for extended
periods (at least 18 months) (de Savigny, 1975), which sug-
gests  that, for instance, gene silencing might be achievable
in  L2s. This proposal is supported somewhat by ﬁndings
from some recent studies indicating that gene knock down
can  be achieved in a related ascaridoid, A. suum, by double-
stranded RNA interference (RNAi) (Xu et al., 2010; Chen
et  al., 2011) and that this nematode has appropriate effec-
tors  (cf. Dalzell et al., 2011). Moreover, a recent review (Lok,
2012)  emphasizes the prospects that nucleic acid trans-
fection and transgenesis offer to achieve gene knock-out
or knock-down in Ascaris, with prospects for other ascari-
doids.  This area deserves attention for functional studies of
Toxocara  species
6.  Fundamental and applied implications
Although various studies have given some improved
insights into the systematics, immunobiology and epi-
demiology of Toxocara species using molecular methods
(Holland and Smith, 2006), there has been limited study of
fundamental molecular biology, biochemistry and physiol-
ogy  of this genus, parasite–host relationships and disease in
carnivorous, accidental and paratenic hosts using advanced
-omic  technologies. Employing modern genomic and bioin-
formatic  technologies to understand the systems biology of
T.  canis and related species is exciting and should lead to the
design  of entirely new diagnostic, treatment and control
strategies.
From  a fundamental perspective, genome-wide
sequencing and the deﬁnition of a wide range of genetic
markers for use in speciﬁc and sensitive diagnostic tools
could  provide a foundation to address questions regarding
the  complex network of biological and ecological factors
involved in parasite–host–environment interactions and
the  immunological idiosyncrasies of receptive hosts in
endemic  regions as well as the role of asymptomatic,
chronically infected animals and those infected with
multiple pathogens. It would also be interesting to explore
the  resistance and susceptibility of, for example, particular
species and genotypes of hosts (e.g., dogs, mouse and
human) to T. canis infection. For example, elucidating
the relationship between host genotype and phenotype
(degree of disease expression) in response to toxocaro-
sis and/or intervention strategy (e.g., immunization or
treatment) would be informative and could provide an
understanding of the genetic basis of toxocarosis.
From an epidemiological perspective, changes in the
temporal and spatial distribution of T. canis and/or
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their hosts might also be monitored using population
genetic or metagenomic approaches (Gilbert et al., 2011).
Another area of potential importance is whether Tox-
ocara species are developing genetic resistance against
current anthelmintics, which have been routinely used
over  many years. Although considered to be relatively
unlikely that ascaridoids would develop resistance against
such  compounds, there is evidence for the emergence of
anthelmintic resistance in Parascaris equorum populations
in  various countries (reviewed by Reinemeyer, 2012; von
Samson-Himmelstjerna, 2012). Following the determina-
tion of a draft genome for T. canis, it would be possible,
if anthelmintic resistance were to emerge in T. canis, to
genetically compare multiple populations of adult worms
indicated to be resistant or susceptible to one or more
compounds, and then to establish a link between a drug
resistant phenotype and its genotype on a genome-wide
scale. Transcriptomic analyses could be used to under-
pin  comparisons between resistant and susceptible worms
(following the treatment of toxocarosis with sub-lethal
doses of the particular anthelmintics). Such analyses might
allow  markers to be deﬁned, which could then be used in a
molecular  test for the direct and speciﬁc molecular detec-
tion  of drug resistance. These examples suggest that there
are  numerous exciting fundamental areas and questions to
tackle  using modern genomic tools.
From an applied perspective, the prediction and priori-
tization of drug targets in T. canis is another area of major
importance. Deep sequencing now provides the through-
put  and depth-of-coverage required to rapidly deﬁne de
novo  the complete genomes of T. canis and other ascari-
oids  of companion animal health importance. Repertoires
of  drug targets could be inferred on a genome-wide scale.
For  instance, the phosphatome and kinome (the complete
set  of phosphatases and kinases encoded in the genome)
of  T. canis could represent a unique opportunity for the
design  of parasite-selective, small molecular inhibitors for
subsequent  validation by high throughput screening. Other
targets,  such as guanosine triphosphatases (GTPases) (Jex
et  al., 2011) might also represent attractive drug target
candidates, but have not yet been examined in Toxocara
species
Genomic-guided drug target or drug discovery has sig-
niﬁcant advantages over traditional screening methods.
The goal of genome-guided analysis is to identify genes or
molecules  whose inactivation by one or more drugs will
selectively kill parasites but not harm their host(s). As most
parasitic  nematodes are difﬁcult to produce and maintain
outside of their host/s throughout their entire life cycle,
global assessments of gene essentiality can be a major chal-
lenge.  However, gene essentiality can be proposed based on
functional  genomic information for model organisms (e.g.,
lethality  in C. elegans and D. melanogaster) (cf. Chen et al.,
2012).  This predictive approach has yielded target candi-
dates  for nematocides (Campbell et al., 2011). For instance,
in  Ascaris, Jex et al. (2011) identiﬁed 629 proteins with
essential homologues (linked to lethal phenotypes upon
gene  perturbation) in C. elegans and D. melanogaster. Of
these  are 87 channels or transporters, which represent pro-
tein  classes already recognized as anthelmintic targets for
compounds, including macrocyclic lactones, levamisolesogy 193 (2013) 353– 364
and  amino-acetonitrile derivatives (AADs). Also notable
as  targets in Ascaris were 46 GTPases, 35 phosphatases
(including PP1 and PP2A homologues, as speciﬁc targets
for  norcantharidin analogues) (cf. Campbell et al., 2011), 17
kinases,  19 peptidases (Jex et al., 2011). In addition, Jex et al.
(2011)  predicted 225 chokepoints associated with genes
predicted to be essential in A. suum, and gave the high-
est  priority to targets predicted from single-copy genes in
this  parasite’s genome, reasoning that lower allelic vari-
ability  would exist within populations and might, thus, be
less  likely to give rise to drug resistance. Using this strategy,
these  authors identiﬁed ﬁve high priority drug targets in A.
suum,  which, given their relative conservation, are likely to
be  relevant in relation to many other parasitic helminths.
Prominent among them is a GMP  reductase (IMP dehy-
drogenase), which is also a target for anti-viral therapy;
this enzyme has various inhibitors, including mycopheno-
lic acid analogues, which could be assessed for nematocidal
effects. Clearly, the druggable genome of Ascaris is likely to
assist  in the discovery of drug targets and design of drugs
against Toxocara and related species.
In conclusion, the combined use of advanced genomic,
transcriptomic, proteomic and glycomic methods will be
central  to identifying key groups of molecules essential
to the development, reproduction and survival of T. canis,
and  will pave the way for the prediction, prioritization
and/or design of small molecular inhibitors as new nemato-
cides.  Clearly, an integrated use of genomic, transcriptomic,
metabolomic and proteomic technologies will underpin
future investigations of the systems biology of T. canis
and  toxocarosis on a scale never before possible and will
provide unprecedented prospects for developing entirely
new  diagnostic and intervention strategies. The ability to
explore  Toxocara species in this way will also open up
numerous opportunities to investigate many other ascari-
doids  of animals.
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